Free-energy calculations based on molecular simulations provide access to a wide range of thermodynamic properties such as the solubility and partitioning of a molecule in and between various phases. It is demonstrated how molecular dynamics free-energy simulations may be used to obtain the solubilities of primary alcohols and n-alkanes in water and binding affinities of primary alcohols to a-cyclodextrin. The equivalence of two distinct routes to calculate binding free energies is shown leading to the conclusion that host-guest binding affinities may be used to probe the underlying molecular force field.
Introduction
Methods to predict physicochemical properties of complex systems based on statistical mechanics have gained an ever increasing importance in chemical engineering research [1] . They have been percolating a diverse field of applications ranging from adsorption in porous media over protein engineering to materials design [2] . Atomistic simulation has seen a particular increase in relevance due to its permanently expanding scope that is directly linked to the increase in computational speed, the use of massively parallel hardware architecture [3, 4] as well as acceleration through the use of graphics processors [5] . Molecular simulation techniques using classical force fields is probably the most direct way to theoretically explore molecular behavior in the condensed phase that may not be accessible experimentally at all, or may be impeded by high cost or the difficulty of detangling multivariate relationships through indirect experimental measurements, making this tool complementary to experimental techniques. Molecular simulations are used in a discovery driven mode (i.e., to explain or search for new phenomena) but also more and more in a data-driven manner (i.e., to predict properties, test theories and models, or to validate difficult experiments) [6] . Property prediction is directly linked to two major challenges in molecular simulation, referred to as the force-field problem and the sampling problem [7] . These two problems are interrelated. Only if a calculated property is sufficiently converged can an assessment of the quality of a force field be carried out.
With regard to chemical engineering applications, molecular simulations may give access to a range of properties needed in practice [8] . Important physicochemical parameters in for example purification and separation technology, drug design and environmental chemistry are the solubility and partitioning of molecules in and between various media. Therefore, there is great need for accurate predictions of solubilities and partition or distribution coefficients of known compounds but also of hypothetical ones that have not yet been identified. Molecular dynamics simulations are usually not resorted to when predicting solubility because other methods often require less computational effort [9 -13] . Although these methods may offer very accurate and fast prediction in many cases, their predictive power depends on the chemical structure and definite methods that are best to use are not easy to identify [14, 15] . Atomistic simulations have the benefit that they may provide additional conceptual understanding of the underlying molecular level forces driving the solvation process and offer the possibility to obtain a diverse set of physical properties of a complex system based on the same underlying potential energy function (i.e., the molecular force field) which enhances the interpretability of molecular simulation results. For drug-like or polyfunctional molecules which are often of interest for simulation studies few experimental data exist on the solvation free energy, a quantity, which is often used as target property in force field parametrization and validation [16 -19] . In contrast data on solubility are often more abundant, making the calculation of solubilities -even relative solubilities -particularly important [20] .
Solubilities and other physical properties of high practical interest such as activity coefficients, Henry's law constants, and distribution of chemical species between different phases are related to the free energy of solvation [21] . As a result such calculations have seen a tremendous progress over the last decades and standards are beginning to evolve that allow for reproduction of published results and reduce the barriers to perform such calculations routinely [22 -24] . However, partitioning is not only relevant between homogeneous phases but also between a bulk phase and a heterogeneous phase such as a membrane [25] , a micelle [26] , a stationary phase in liquid chromatography [27] , or a larger biomolecule such as a protein [28] . Therefore, a similar active area of research is the prediction of binding affinities for biomolecular complexes from molecular dynamics simulations due to the expected impact such calculations will have in early stage drug discovery. Yet these calculations have a higher level of complexity and are, thus, less mature than those devoted to solvation free energies [29] . Two types of approaches are principally used to compute standard binding free energies using molecular dynamics simulations, namely the alchemical double decoupling method and the potential of mean force method, respectively [30 -33] . In the present work the two approaches are compared using the example of complexation between a-cyclodextrin and primary alcohols.
The purpose of the present article is twofold. First, the possibility of making predictions of aqueous solubilities of n-alkanes and primary alcohols from free-energy calculations by utilizing a relationship between solubility, free energy or rather free enthalpy [34] or Gibbs energy [35] of solvation, and solute vapor pressure that is strictly valid only when all activity and fugacity coefficients are unity is investigated. Second it is demonstrated that binding free enthalpies of host-guest systems can be obtained that are method-independent and thus, solely a function of the underlying potential energy function (i.e., the molecular force field).
Aqueous Solubility of n-Alkanes and Primary Alcohols
Consider a solute that is liquid in its pure state and saturated in the solvent at such dilute concentrations that Henry's law is obeyed, that is the saturated solution is infinitely diluted such that the rational activity coefficient is equal to one. Then, (aqueous) solubility expressed in molar concentration of a solute can be estimated given the free enthalpy of solvation of a single solute molecule A and its puresubstance vapor pressure from [36, 37] 
where R is the universal gas constant, T is the temperature, P sat A is the equilibrium vapor pressure of A over pure A, P o is the pressure (24.77 bar) of an ideal gas at 1 molar concentration and 298.15 K. Alternatively the solubility can be expressed in units of mole fraction according to [38] 
where r s denotes the molar density of the solvent and the right hand side can be identified as the ratio between the vapor pressure and Henry's law constant of the solute [39] . Under the assumption of small values for x the relation between both definitions is [40] 
These relations were applied frequently to calculate the solubility of light gases in ionic liquids [41] , in water, or aqueous solutions [42, 43] , or the solubility of n-alkanes in water [44] , respectively. For the prediction of the solubility of solutes that are solid in their pure state see [45, 46] .
In the present work, Eq. (2) is examined to estimate the solubility of n-alkanes and primary alcohols in water. Fig. 1 shows the results of calculated solubilities up to n-nonane which are in very good agreement with experimental data [47] . The required vapor pressures for n-alkanes lighter than n-pentane, which are in the gas state at 298.15 K, was taken to be equal to the total pressure 1 bar. For n-pentane to n-nonane, which are liquids under these conditions the vapor pressures were taken from the literature [47] . The hydration free enthalpies were obtained from reported molecular dynamics simulations using the GROMOS 45A3 force field [49] except for methane for which the hydration free enthalpy was recalculated in the present work due to conflicting values reported in [49, 50] . Here the value of 8 kJ mol -1 as reported in [50] was confirmed. Note that there is no difference between the GROMOS force fields 45A3 and 53A6 [49] for the alkanes considered in this work. For alkanes longer than those considered in this work, experimental data from different sources become inconsistent, often showing a sudden change in the depend-ence of solubility upon carbon number, while simulation results do not support this observation [44] .
Compared to n-alkanes, primary alcohols interact more strongly with the solvent such that the validity of Eqs. (1) and (2) is more in doubt [51] . However, Fig. 1 shows very good agreement between calculated and experimental [48] data also for this system. The required vapor pressures were taken from the literature (C5 to C8 [52] , C10 [53] , C12 [54] ). The hydration free enthalpies were obtained from molecular dynamics simulations with the GROMOS 53A6 force field. For 1-butanol to 1-octanol the values reported in [55] were used while the increments in hydration free enthalpy with carbon number relative to 1-octanol calculated in a recent work [56] were used to obtain values for 1-decanol and 1-dodecanol. Finally it is noted that if the assumption that all activity coefficients are unity proves to be unrealistic, finite concentration activity coefficients may also be obtained from molecular dynamics free-energy calculations [57] . For saturated solutions of solid solutes the need to calculate the residual chemical potential of the solid hampers the use of molecular simulations [58] . However, molecular dynamics simulations can straightforwardly be used to calculate relative solubilities for the same solute in different solvents [20] . Therefore, we conclude that molecular dynamics simulations with recent force fields will gain an increasing importance in predicting solubilities in complex systems. The same holds true for binding affinities which are considered in the next section.
Standard Binding Free Enthalpy of Primary Alcohols to a-Cyclodextrin
Cyclodextrins are often used as model systems to study binding mechanisms [59 -61] but are also of much practical interest themselves, as chiral selectors [62 -67] , molecular reactors [68] , drug solubility agents [69] , and in many other applications [70 -74] . Complexation thermodynamics of cyclodextrins was widely studied experimentally [75, 76] . Computationally the standard binding free enthalpy can be obtained through two distinct routes, one relying on alchemical transformations (decoupling) along a nonphysical path and the other on probabilities of being at a (predefined) physical path that may (but does not have to) resemble the true reaction coordinate. The probabilities are related to the potential of mean force (PMF) from which the binding free enthalpy can be calculated. Both routes may have advantages and drawbacks for the particular system to be studied [32] . However, from the statistical mechanics point of view they have to result in the same number, a condition that may be used for validation and error detection [77] . If the two routes provide the same results within the statistical errors, the calculated binding free enthalpy is most likely the one prescribed by the underlying molecular force field. In a previous work the standard binding free enthalpy of primary alcohols from 1-butanol to 1-dodecanol to a-cyclodextrin for different GROMOS force fields using the alchemical route was calculated [56] . In the present work these simulations were extended for alcohols up to 1-eicosanol (C20) using the GROMOS 53A6 GLYC [78] force field, applying the same methodology as in the previous work [56] . Additionally the PMF route was examined for 1-butanol to 1-dodecanol using the GROMOS 53A6 GLYC and CHARMM36 [79] force fields. To calculate the standard binding free enthalpy via the PMF route a one-dimensional setup [80] was chosen: -The six glycosidic oxygens (O1) were positionally restrained using harmonic potentials with a force constant of 1000 kJ mol -1 nm -2 such that the central axis of the a-cyclodextrin was aligned with the z-axis (see Fig. 2 for the definition of the coordinate system and the nomenclature used to specify the atoms in a-cyclodextrin).
-A position restraint acting on the center of mass of the guest molecule was used to prevent it from moving too far orthogonal to the z-axis in order to restrict the sampled area. This restraint was applied in the form of a flat-bottom potential depending on the distance between the center of mass of the guest and the z-axis: , and the switching distance r res,xy was set to 0.6 nm. The quantity r com,xy denotes the center of mass coordinate of the guest molecule in the x-y-plane. With this choice of r com,xy the restraint has no contribution in the bound state.
-An angle restraint was applied, defined in terms of two vectors, the z-axis and the molecular axis of the alcohol molecule. The latter was determined by the oxygen atom and the carbon atom of the methyl group at the opposite end of the alcohol molecule. This restraint was used to avoid a flip of the alcohol molecule and was applied in the form of a harmonic potential in the angle. The restraint energy is, thus,
where the force constant K q was set to 500 kJ mol -1 rad -2 and the reference angle q 0 to 0°. -Umbrella sampling [81] with windows placed at successive positions each 0.1 nm apart along the z-axis was performed using the z-component of the distance between the center of mass of the alcohol and the center of mass of a-cyclodextrin as order parameter. A harmonic umbrella potential with a force constant of 500 kJ mol Many other different setups are of course possible. However, below it will be shown that this particular setup leads to reliable results. Furthermore, the rationale for using this particular setup will be discussed in a future publication. From this 1D setting, the standard binding free enthalpy can be calculated by [80] 
where V o is the standard state volume of 1.661 nm 3 and l b denotes the bound length defined as Boltzmann-weighted physical length integrated over the bound region b,
where W R (z) is the potential of mean force as a function of z and defined to be zero at its lowest point where the guest molecule is bound. The bound region was defined to span the range between the minimum and the flat part of the PMF and was set to encompass a distance of 1.5 nm in all cases. Due to the small weights of larger distances this choice has no significant effect on the standard binding free enthalpy. The cross-sectional area A u,R available for the unbound ligand in x-y directions in the presence of the applied position restraint is obtained from the partition function of the restraining potential by 
where Γ denotes the Gamma function and k R the dimensionless restraining force constant K xy /RT. With the numerical values given above A u,R evaluates to 1.64 nm 2 . The contribution to the free enthalpy in the unbound state due to the angle restraint arises from the reorientation permitted about the three Euler angles of a rigid body in a homogeneous bulk phase. For the restraining potential given by Eq. (5) the available rotational volume Ω under the influence of the restraint is [91, 92] and evaluates to 0.1956 using the numerical values given above. The quantity ΔW R is the depth of the potential of mean force and the last term in Eq. (6) accounts for the contribution of releasing the angle restraint in the bound state. This contribution may be evaluated by free energy perturbation [93, 94] (as indicated in Eq. (6)) or thermodynamic integration [95] over the derivative of the restraining potential with respect to a coupling parameter. Here the first approach is used. The results depend slightly on the specific case and are in the range -5.0 to -7.6 kJ mol -1 . Figs. 3 and 4 show the potentials of mean force for all alcohol molecules studied. Because the free enthalpy is a state function the left and the right branch of the PMFs should result in the same standard binding free enthalpy when evaluated with Eq. (6) . Therefore, the depths of the PMF when evaluated from the left or from the right PMF branch, respectively, are related by ΔW R,left -ΔW R,right = RTln(l b,left /l b,right ). For the simulations conducted in the present work the difference ΔW R,left -ΔW R,right was usually larger in magnitude than the expression RTln(l b,left /l b,right ) but in most cases within the thermal energy of RT, and thus, within the uncertainties associated with ΔW R . For the final binding free enthalpy of a particular configuration (i.e., conf1 or conf2) the arithmetic mean value of the two branches were taken. The results show that the PMF depth for shorter alcohols is larger in configuration 2 (Fig. 3) compared to configuration 1 (Fig. 4) , in agreement with an earlier work [56] . Figure 3 . 1D potentials of mean force from umbrella sampling simulations, evaluated with the umbrella integration method, for a-cyclodextrin/alcohol complexes in configuration 2 using the z-component of the distance between the center of mass of the alcohol molecule and that of a-cyclodextrin as order parameter. Error estimates were performed according to [96] . a) GROMOS 53A6 GLYC force field and b) CHARMM36 force field.
a) b)
Figure 4. 1D potentials of mean force from umbrella sampling simulations, evaluated with the umbrella integration method, for a-cyclodextrin/alcohol complexes in configuration 1 using the z-component of the distance between the center of mass of the alcohol molecule and that of a-cyclodextrin as order parameter. Error estimates were performed according to [96] . a) GROMOS 53A6 GLYC force field and b) CHARMM36 force field.
tained with the CHARMM36 force field the GROMOS 53A6 ones show deeper well depths ΔW R , while the overall shape is very similar. It is noted that the barriers observed in some PMF curves between the flat region and the borders of the well do not necessarily have a physical significance but are most likely a consequence of the 1D setup, which does not resemble the true reaction coordinate [97] . Standard binding free enthalpies derived from experimental measurements do not distinguish between two different binding modes. Therefore, the logarithmic average [98] of the two values corresponding to the two configurations was taken to arrive at a final value for each alcohol molecule which can be compared to experimental data. Fig. 5 shows that the DG o bind -results for the GROMOS force field obtained by double decoupling and the PMF route are in very good agreement, leading to the conclusion that they reflect the properties of the underlying potential energy function. Therefore, the earlier conclusion that the GROMOS 53A6 GLYC force field slightly overestimates the binding strength whereas the CHARMM36 force field underestimates it is confirmed. Note that the method used to analyze the umbrella sampling simulations (UI vs. WHAM vs. MBAR) had no significant effect on the results.
The simulation results clearly suggest an increase in magnitude of the binding free enthalpy as function of chain length and no sudden change in this trend even for the longest alcohol, 1-eicosanol. This is in contrast to some of the experimental studies but in agreement with the recent measurements of Linden et al. [100] who reported binding constants for the entire homologous series from 1-butanol to 1-dodecanol. To rationalize the increase in magnitude of DG o bind the binding modes were studied in more detail. Fig. 6 shows that the bulk water phase starts at ±0.8 nm (measured from the O1-atoms). Even for the C20 alcohol the complete chain is within this range (Fig. 7) . That is, all parts of the guest molecule are interacting with the a-cyclodextrin host and contribute to the binding free enthalpy.
Conclusion and Outlook
The calculation of aqueous solubilities from molecular dynamics free-energy simulation was demonstrated for n-alkanes and primary alcohols. For the latter binding affinities to a-cyclodextrin were calculated via the potential of mean force. The equivalence of the results with earlier double decoupling simulations shows that the binding affinity is merely a function of the underlying potential energy function. This opens up new routes for force field optimization as a more diverse set of experimental target data can be incorporated. Indeed a growing body of literature deals with identifying inaccuracies in current force fields, which remain undetected when considering Experimental data (exp. av.) are based on our compilation reported earlier [56] supplemented by additional data [99] . Simulation results are reported for the GROMOS force field 53A6 GLYC [78] calculated either by alchemical double decoupling (DD) [56] or via the potential or mean force (PMF) and for the force field CHARMM36 [79] calculated via the potential of mean force. Dashed lines are used as guide to the eye. Figure 6 . One-dimensional distribution function of water molecules along the central axis of a-cyclodextrin. The origin lies in the center of mass of the glycosidic oxygen atoms. The positive direction points towards the primary hydroxyl groups (primary rim), the negative direction points towards the secondary hydroxyl groups (secondary rim). All water molecules that are located within a cylindrical volume of radius 0.1 nm around the central axis were considered. Simulations were conducted with the GROMOS 53A6 GLYC force field [78] .
only the thermodynamic properties used typically in the original parametrizations [101] . By considering both solubility and binding affinity on equal footing a thermodynamical consistent description of complex host-guest systems in complex solvent environments will become possible in the future. 
